Accurate calculations of the bound ro-vibrational states of ozone are performed in the region of high vibrational excitation. Two unusual vibrational states localized in the far van der Waals region are discovered. They can be considered as the ground vibrational states of even and odd symmetries bound in the shallow van der Waals well. Properties of these states are presented and discussed, which opens possibilities for experimental realization of the helium nanodroplet isolation ro-vibrational spectroscopy of ozone.
I. INTRODUCTION
Helium nanodroplet isolation ͑HENDI͒ rovibrational spectroscopy allows combining the tools of molecular beam spectroscopy and the matrix isolation spectroscopy into a powerful set of experimental techniques for studies of unusual molecular aggregates. 1 Several amazing examples have been demonstrated during the last years. Among those are observation of quartet 1 4 A 2 Ј states of the Na 3 trimer, 2 formation of cyclic water hexamer, 3 and the discovery of self assembly of long chains of polar molecules. 4 It is encouraging that the chemically neutral environment of He nanodroplets induces only tiny shifts in the ro-vibrational spectra, so that experimental data can be directly compared with theoretical results obtained for gas phase molecules. It is even more surprising, that the quantum symmetry rotational selection rules are preserved in the spectra of molecules isolated in the helium nanodroplets. Furthermore, HENDI allows studying very unusual nonequilibrium states of molecules that could not be created in any other way.
It has been thought 5 that HENDI might help to form and study the highly excited large amplitude vibrational states of ozone molecules (O 3 ) localized in the shallow van der Waals ͑vdW͒ well. Figure 1 shows a one dimensional cut of the potential energy surface ͑PES͒ of ozone along the minimum energy path for dissociation/recombination, as one O atom leaves the molecule: O 3 →O 2 ϩO. In the ground rovibrational state, at the bottom of deep covalent well, the ozone molecule has the shape of an isosceles triangle with R 1 ϭR 2 Ϸ2.4 a.u. and ␣Ϸ117°. It dissociates by losing one end ͑terminal͒ O atom, which passes above the barrier and the vdW well as it leaves ͑see Fig. 1͒ . It has been shown only recently that the top of the barrier, that separates the covalent and the vdW wells, is below the dissociation limit. Accordingly, a global PES, accurate in the region of the barrier and the vdW well, has been constructed. 6, 7 It is, however, still a question whether localized vibrational states can be formed in the shallow vdW well, how many of such states can be formed there and what is the structure of these states. Answering these questions theoretically will help in designing the experimental set up. 5 If the experiment is successful, the high resolution HENDI spectra will provide new accurate information about the rovibrational vdW states of the ozone molecule and will help us to make a new round of improvements in the theoretical PES of ozone in the high energy and large O-O 2 separation region, where theoretical ab initio calculations are quite problematic. This will improve our capabilities in accurate modeling of many processes related to ozone chemistry, because the upper part of the PES in the regions of the barrier and the vdW well is very important for low energy scattering processes, such as following processes involved in ozone formation:
͑Here M is any atmospheric atom or molecule that stabilizes the metastable O 3 * state to stable ozone O 3 .) Motivated by these advantages we have undertaken calculations of upper ro-vibrational states in ozone. Our results are encouraging and we report them in this paper.
II. THEORETICAL METHOD
As discussed in our earlier papers, 6 ,7 a very sophisticated potential energy surface ͑PES͒ for ozone was used for this work. It is based on accurate ab initio calculations 9,10 and includes a correction in the barrier region to make it agree with even more accurate ab initio calculations performed along the minimum energy path. 11, 12 It is the most accurate PES currently available for the ground electronic state of ozone. It has the full symmetry of the system and goes smoothly to all the correct dissociation limits. It exhibits a small barrier along the dissociation path, but the top of that barrier is below the dissociation limit ͑see Fig. 1͒ . Several slices of the PES have been presented in Ref. 6 as relevant to formation of ozone metastable states; here we show several slices relevant to formation of the bound states, particularly those in the vdW well region. Three two-dimensional slices of the PES are shown in Fig. 2 as stereographic projections a͒ Electronic mail: babikov@lanl.gov using symmetrized hyperspherical coordinates. 13 The slices correspond to fixed values of the hyperradius ͑the overall size of the triatomic molecule͒; free to vary are the two hyperangles and ͑shape of the triatomic͒. At ϭ4 a.u. one sees three deep covalent minima of the ozone molecule ͑Fig. 2a͒; they correspond to the three possible permutations of nuclei in the equilibrium isosceles configuration of O 3 : OOЈOЉ, OЈOOЉ and OOЉOЈ. At ϭ6 a.u. ͑Fig. 2b͒ one sees six shallow vdW minima of the ozone molecule. Each pair of those can be reached by stretching one of the two bonds ͑see Fig. 1͒ to form either O-OЈOЉ or OOЈ -OЉ; two such configurations for each of three possible permutations give six vdW minima. A slice in the more distant vdW region at ϭ8 a.u. ͑Fig. 2c͒ is also shown; at this value of the PES already exhibits behavior of the asymptotic channels ͑compare to Fig. 3c , Ref. 6͒.
In this work we perform full quantum calculations of the bound states of ozone in all six dimensions of the problem (3•(NϪ1)ϭ6 for Nϭ3 atoms͒ using an exact Hamiltonian. No approximations are made. A coupled channel ͑CC͒ approach using APH hyperspherical coordinates and a hybrid FBR/DVR 14 is employed. Propagation of the coupled channel equations is performed using a Numerov method. 15 The parallel computer code of Kendrick, applied previously to calculate bound states in HO 2 ͑Ref. 16͒ and Na 3 ͑Refs. 17, 18͒ molecules, was used. Convergence issues have been discussed in Ref. 6 .
Oxygen isotopes 16 O are spinless bosons, so that the total wavefunction of the O 3 molecule must be symmetric with respect to exchange of any two 16 O atoms. The ground electronic state of O 3 in the vdW region, 1 AЈ, is asymptotically connected to O( 3 P)ϩO 2 ( 3 ⌺ g Ϫ ) products and is antisymmetric. 19 Thus, the nuclear motion wavefunction must also be antisymmetric, so that the product of electronic and nuclear wavefunctions is symmetric. This fact imposes symmetry restrictions on rovibrational wavefunctions, similar to those discussed in the literature. 20 For example, for a nonrotating ozone molecule (Jϭ0 ϩ , the plus sign labels even inversion parity states͒, the rotational component of the nuclear motion wavefunction is symmetric, so that only antisymmetric ͑odd͒ vibrational states are allowed. However, for Jϭ1 ϩ the rotational component of the nuclear wavefunction is antisymmetric, so that only symmetric ͑even͒ vibra- FIG. 2. Two-dimensional slices of the potential energy surface in hyperspherical coordinates. The fixed value of the hyperradius is given for each frame; two hyperangles are varied. The O 2 ϩO dissociation limit is taken as the energy zero. ͑a͒ ϭ4 a.u., contours are given between Ϫ1.1 and 0.1 eV with a step of 0.1 eV. The three deep covalent minima of O 3 are clearly seen. ͑b͒ ϭ6 a.u., contours are given at 0.0, 0.05 and 0.1 eV. The six shallow van der Waals minima of O 3 are clearly seen. ͑c͒ ϭ8 a.u., contours are the same as in ͑b͒. The asymptotic channels character of the surface is observed.
tional states are allowed. For Jϭ1 Ϫ and JϾ1 both even and odd vibrational states are present. 19 As a consequence, odd vibrational bands contain the odd states of Jϭ0 ϩ , while even vibrational bands contain even states of Jϭ1 ϩ . To obtain a spectrum with both even and odd vibrational states, it is necessary to perform calculations for at least Jϭ0 ϩ and Jϭ1 ϩ . Everyone who wants to do calculations of the spectra for O 3 and their assignment should take these considerations into account. We note that previous bound state calculations 21 for O 3 were performed for both even and odd vibrational states of Jϭ0 and this is not quite correct.
Convergence studies show that as many as 60 channels of proper symmetry are necessary. Figures 3a and 4a plot the surface function energies of several low-lying channels for the Jϭ0 ϩ and Jϭ1 ϩ calculations, respectively. In the asymptotic region (Ͼ14 a.u.), the surface function energies for both Jϭ0 ϩ and Jϭ1 ϩ correlate to odd rotational states of O 2 ( 3 ⌺ g Ϫ ) diatomics, as restricted by symmetry selection rules:
22 vϭ0, jϭ1, 3,5,7,. .. The energy of the lowest surface function reflects the property of the PES barrier: it shows a barrier at ϳ5.27 a.u., and its top (Eϳ0.089 25 eV) is slightly below the dissociation threshold (Eϳ0.097 75 eV). ͓Energy required for dissociation O 3 →O 2 ϩO is the energy of the ground ro-vibrational state (vϭ0,jϭ1) of O 2 .] Both the deep covalent region (3.75 a.u.ϽϽ5 a.u.) and the shallow vdW well are clearly seen, with the vdW minimum at ϳ6.17 a.u. and Eϳ0.073 00 eV. Since we are searching for the states bound in the vdW well, we will focus our attention on the high-lying vibrational energy levels with E Ͼ0.073 eV. ϩ vibrational states depicted in Fig. 4a: nϭ137, 138, 139 . The structure of the van der Waals state nϭ138 is very different from the structures of the other two states associated with the covalent well ͑compare to Fig. 2͒ . The even character of vibrational states is reflected by the non-zero probability at ϭ0°, 60°, 120°, etc. over hyperangles͒ for three upper states with Jϭ0 ϩ and J ϭ1 ϩ , respectively. It is seen very clearly that some of states are still located mostly in the covalent well region at Ͻ5.27 a.u., and only a portion of the probability density is located outside the barrier in the close vdW region at 5.27 a.u.ϽϽ6.2 a.u. This behavior is typical for almost all states at energies above the barrier top. There is, however one exception in each case. State nϭ106 for the Jϭ0 ϩ case and state nϭ138 for the Jϭ1 ϩ case are located essentially entirely in the far vdW region at 7.6 a.u.ϽϽ8.7 a.u.! Both of these states exhibit a very smooth Gaussian-like shape without any visible nodes. Thus, they appear to be ground vibrational states in the vdW well. This point is further emphasized in Figs. 5 and 6 , where two-dimensional slices are plotted of the wavefunctions shown in Figs. 3b and 4b , respectively. Slices of the two vdW states are made in the far vdW region at ϭ8 a.u. ͑compare to Fig. 2c͒ , while slices of other states are made in the covalent well region at ϭ4 a.u. ͑compare to Fig. 2a͒ . First of all, Figs. 5 and 6 emphasize the quantum symmetry selection rules, showing that all the wavefunctions for Jϭ0 ϩ exhibit nodal lines at ϭ0°, 60°, 120°, etc. ͑i.e., they are odd under the exchange of any two O atoms͒, while the wavefunctions for Jϭ1 ϩ exhibit nonzero probability at ϭ0°, 60°, 120°, etc. ͑i.e., they are even under the exchange of any two O atoms͒. Furthermore, Figs. 5 and 6 demonstrate that the two vdW states, (nϭ106,Jϭ0 ϩ ) and (nϭ138,Jϭ1 ϩ ), have indeed no nodes corresponding to vibrational excitation, while covalent well states at energies just below and above the energies of vdW states exhibit rich nodal structure corresponding to many quanta of vibrational excitation. It is worth mentioning that the wide spread of the wavefunction for the vdW states suggests that the ozone molecules in these states are able to perform large amplitude bending motion.
III. RESULTS
Clearly, states (nϭ106,Jϭ0 ϩ ) and (nϭ138,Jϭ1 ϩ ) can be considered as ground vibrational states of odd and even symmetries in the vdW well. For the lower energy state of these two, the (nϭ106,Jϭ0 ϩ ) state, the maximum probability point of the wavefunction corresponds to ϳ8.061 a.u., ϳ52.48°, ϳϮ27.91°. It is approximately shown by an arrow in Fig. 7 , where three-dimensional views for the three upper Jϭ0 ϩ vibrational states are presented. ͑Only one of three equivalent parts is shown for each wavefunction: for the nϭ106 vdW state the part on the right side of the frame in Fig. 5 is shown; for covalent states nϭ105 and nϭ107 the part on the left side of the frame in Fig. 5 is shown.͒ In bond-angle coordinates the maximum probability point of the wavefunction corresponds to R 1 ϳ2.288 a.u., R 2 ϳ6.234 a.u., ␣ϳ148.75°. In addition, Fig. 7 clearly exposes the nodal planes of all odd Jϭ0 ϩ vibrational states. Also, the complex nodal structure of two covalent well vibrational states (nϭ105 and nϭ107) is clearly seen, and this is very different from the simple structure of (nϭ106) vdW state. For the higher energy vdW state, the (nϭ138,Jϭ1 ϩ ) state, the maximum probability point of the wavefunction corresponds to ϳ8.049 a.u., ϳ46.00°, ϳϮ24.95°, or R 1 ϳ2.292 a.u., R 2 ϳ6.366 a.u., ␣ϳ135.08°.
Finally, we want to demonstrate that though these simple looking states can be practically considered as ground vibra- tional states in the vdW well, they are not such states strictly speaking. This is seen, of course, from the energy of these states, which is higher than the barrier energy. Thus, the wavefunction can extend also to the region of covalent well without tunneling. This is indeed the case and is seen from the log plot of the low probability part of the wavefunction as a function of the hyperradius, presented in Fig. 8 for both (nϭ106,Jϭ0 ϩ ) and (nϭ138,Jϭ1 ϩ ) states. The wavefunctions for the vdW states have significant structure ͑nodes͒ throughout the wide range of hyperradius (4 a.u.Ͻ Ͻ7 a.u.). However, the probability is quite small in this region. Only in the very narrow far vdW region (7.6 a.u.Ͻ Ͻ8.7 a.u.) is the probability appreciable.
IV. CONCLUSIONS
We have performed calculations of high-lying vibrational states of the ozone molecule on an accurate PES using an exact Hamiltonian and taking into account all quantum symmetry constraints. Two states are identified as the ground vibrational states of odd and even symmetries bound in the shallow van der Waals well: (nϭ106,Jϭ0 ϩ ) and (n ϭ138,Jϭ1 ϩ ), respectively. These states are located at energies 20.4 cm Ϫ1 and 15.3 cm Ϫ1 , respectively, below the dissociation threshold and are localized in the far van der Waals region. The shape of the ozone molecule in these states is very different from its equilibrium isosceles shape in the deep covalent minimum; it represents a bent triatomic with one significantly elongated side: R 1 ϳ2.288 a.u., R 2 ϳ6.234 a.u., ␣ϳ148.75°and R 1 ϳ2.292 a.u., R 2 ϳ6.366 a.u., ␣ϳ135.08°, for (nϭ106,Jϭ0 ϩ ) and (n ϭ138,Jϭ1 ϩ ) states, respectively. Wavefunctions of these states contain no nodal structure in the shape coordinates ͑except the nodes of odd state imposed by the symmetry͒ and their shapes suggest that ozone molecules in these states can easily perform large amplitude bending motion. Information about these states should help in the practical realization of HENDI rovibrational spectroscopy of ozone molecules stabilized in the far van der Waals region.
In order to facilitate experimental detection of these states it would also be useful to calculate vertical electronic excitation energies and oscillator strengths, starting at the configuration with maximum probability found in this work. Also it would be potentially useful to calculate vibrational spectra of electronically excited ozone molecules. This, however, requires knowledge of at least a part of the PES for excited electronic state ͑or states͒ and it is not yet developed. This research is in our plans for the future . FIG. 8 . Log-scale plot of the probability as a function of hyperradius for two van der Waals states: (nϭ106,Jϭ0 ϩ ) and (nϭ138,Jϭ1 ϩ ). The probability is localized in the far van der Waals region. A tiny tail extends into the covalent region and exhibits significant structure ͑nodes͒.
